As semiconductor technology continues to evolve, numerical modeling of semiconductor devices becomes an indispensible tool for the prediction of device characteristics. The simple drift-diffusion model is still widely used, especially in the study of subthreshold behavior in MOSFETs. The numerical solution of these two equations offers difficulties in small devices and special methods are required for the case when dealing with 3D problems that demand large CPU times. In this work we investigate the convergence properties of the Bi-CGSTAB method. We find that this method shows superior convergence properties when compared to more commonly used ILU and SIP methods.
INTRODUCTION
The demand of having more transistors on a single chip continues to push MOSFETs toward shorter channel lengths. In order to maintain the longchannel behavior and suppress undesirable shortchannel effects, channel doping levels must increase, whereas oxide thickness, junction depths and isolation spacing decrease. To make final threshold voltage adjustments and to eliminate the punchthrough effect, ion implantation is used at several *Corresponding author. steps in the fabrication process of these state-ofthe-art devices. The stochastic nature of ion implantation across the wafer leads to significant deviation in both the number of dopants and the arrangement of these dopant atoms from device to device [1, 2] . While a continuum doping model may be a valid assumption for large devices, it fails in the case of deep-submicrometer devices. For example, in MOSFETs with effective channel lengths and widths on the order of 0.1 lam and channel doping of 51017cm-3, the number of impurity atoms in the inversion layer is less than 100. Thus, differences in the arrangement of dopant atoms, as well as fluctuations in the number of dopants under the gate, lead to significant variation of the off-state leakage current in these state-of-the-art devices.
The high doping levels used in submicrometer devices lead to large gradients in the potential and charge within the device, which requires a very fine mesh. This makes some of the commonly used iterative methods for the solution of both 3D Poisson and 3D electron current continuity equations rather inefficient because of poor convergence properties. To overcome this, we use a variant of the Conjugate Gradient Squared method (CGS), the so-called Bi-CGS Stabilized (Bi-CGSTAB) method [3] . The convergence properties of this method are found to be superior to those of the Incomplete Lower-Upper (ILU) factorization method [4] . A variant of the ILU method, Stone's [5] Strongly Implicit Proced.ure (SIP) was also investigated, but found to be comparable to ILU.
Finally, we discuss our 3D simulations of the subthreshold characteristics of 0.1 lam gate-length MOSFETs with various gate-widths.
APPROACH
The geometrical and structural parameters of the device used in our numerical analysis are illustrated in Figure 1 perpendicular field and the perpendicular current are set to zero. We use the decoupled scheme [6] The application of finite-difference techniques to both 3D Poisson and 3D electron current continuity equations leads to algebraic equations having a well-defined structure, represented by Ax b. The most suitable methods for solution of these two equations are direct methods, but the computational cost becomes prohibitive as the number of equations increases. This has led to iterative procedures that utilize the structure of the coefficient matrix. The ILU methods, and the use of preconditioning together with conjugate gradients, provide a significant increase in the power of iterative methods.
Within incomplete factorization schemes [4] (1) where diag(KiLu)=diag(A). Once the diagonal is computed, one scales the original matrix A / I-l/2A] -1/2 diag(/) + L + . (2) The preconditioning matrix for this symmetrically scaled matrix is of the form I (L + I)(I + ), (3) where I is the identity matrix. The Bi-CGSTAB method is now applied to the preconditioned system
where --l/2b and x--l-l/2(l + )-1. In the calculation of the product (] + I) -(I + I])-, significant amount of extra work is avoided by using Eisenstat's trick [9] . In [1] , the implantation process was simulated in the following way: n impurity atoms were placed in a region Vtot which was 8000 times larger than the discrete doping region Vdisc. Only those atoms (k) that fell within the discrete doping region were retained. In this way, one generates a binomial distribution [10] , which in the limit n Na Vtot, p= Vdisc Vtot--+O and np---a (where a=Na I/disc is the mean value of the process), approaches a
This observation suggests that one can mimic ion implantation by drawing a random number k from the Poisson distribution itself and uniformly distribute these k impurity atoms within the discrete doping region of the device by using triplets of independent uniformly distributed random numbers. This simplification is essential when dealing with devices with wider gates and very high substrate doping.
RESULTS AND CONCLUSIONS
The test device used for our convergence studies has 0.1 lan gate length and 0.2 lam gate width. The nonuniform finite-difference grid used in these sirnulations has 55 40 55 grid points along the x (channel length), y (depth) and z (width) axis. The predetermined threshold for self-consistency for the electrostatic potential is 10 -5 thermal voltages. In Figure 2 for Vs VD VBS 0 V and VG V. From the results shown, it follows that preconditioned Bi-CGSTAB method is more economical than the ILU and SIP methods. It gains very little when using more than two internal loops. The use of the ILU preconditioner reduced the number of iterations by approximately a factor of two. The slope of these curves is another indication of the performance of each solver.
The convergence behavior of our continuity equation solvers is shown in Figure 3 . The applied bias used in these simulations is Vs VBs=0V, VD 10 Figure 4 , this threshold voltage shift is essentially independent of the width of the gate.
In conclusion, for solving very large systems of algebraic equations derived from 3D problems, iterative methods remain the only viable solution technique. The greatly improved convergence rates achieved by preconditioned conjugate gradient methods means that the solution of such problems is more attainable now than ever before. For both 3D Poisson and 3D electron current continuity equations, the Bi-CGSTAB method showed relatively smooth and superior convergence behavior when compared to the ILU methods.
